We study the lambda hypernuclei and neutron stars in terms of the relativistic mean field theory. A special emphasis is placed on the importance of the lambda -omega tensor coupling, which affects largely the spin-orbit splitting. The presently available data on hypernuclei are not good enough to identify its strength. We find that the neutron star property is sensitive to its strength and the observational neutron star mass provides the necessity of the tensor coupling. §
For a long time, special attention has been paid to the lambda hypernuclei which are nuclei with a lambda particle with strangeness quantum number. We expect to extract a lot of detailed knowledge concerning strangeness from the investigation of lambda hypernuclei. In fact, spectroscopic studies of the lambda hypernuclei show conspicuous features, that is, as compared with the nucleon, a lambda is weakly bound in nuclear medium and its spin-orbit splitting is quite smali_lHl The microscopic understanding of these properties was principally given in two different viewpoints. One is based on the meson exchange model and the other the quark modeL
In terms of the meson exchange picture, Brockmann and Weise were the first to derive the A-N interaction. 5 l By taking the 2Jr and 3Jr exchanges and their correlations into account, they performed a detailed analysis for the dominant part of the A-N interaction which is constructed from the isoscalar-scalar and -vector channels. The resultant scalar and the vector parts become smaller with a common reduction factor of about three than the corresponding ones for the N-N interaction. Namely representing the SCalar and the Vector partS aS V(S) and V(V) respectively, (1) We note that, after their work, more detailed studies of the A-N interaction were performed based on the meson exchange model and the results were not necessarily consistent with the above result.
On the other hand, in the quark picture, the scalar and the vector parts stem from sigma and omega meson exchanges, where mesons are treated as elementary particles in the sense of hadrons. The 6 and w mesons consist of up and down quarks and corresponding antiquarks. As for the baryons, the nucleon is made of up and down quarks, while the lambda of up, down and strange quarks. According to the Zweig rule (OZI rule), the couplings for s-u and s-d are suppressed. Therefore, if the meson with u and d quarks directly couples to the quarks in a lambda, then the A-N *) Also, The Institute of Physical and Chemical Research (RIKEN), Hirosawa, Wako, Saitama 351, Japan.
interaction should become TT(V)~_l_ TT(V) VAN 3 V NN , (2) Moreover, since the lambda is an isosinglet particle, the u-d pair in A must have total isospin and spin 0. Therefore the spin of A is carried exclusively by the s quark. Since the Zweig rule indicates the ideally mixed (J) meson does not couple to the s quark directly, then the magnetic coupling between (J) and A has to vanish. In order to express the above consideration, Jennings introduced the vector meson tensor coupling into the (J)-A vertex. 6 > The specific form is
Indeed, executing the Gordon decomposition, Eq. (3) becomes
the first term corresponds to the contribution of the intrinsic lambda spin in the non-relativistic limit.7l Therefore the disappearance of the magnetic coupling in (J)-A is realized with fwA~-gwA. The relation between the A-N and the N-N interaction should reflect the underlying microscopic dynamics. However, as shown in Eqs. (1) and (2) the prediction from the meson exchange picture disagrees with that from the quark picture. This disagreement originates from the different interpretations of the mechanism of the short range interaction. Hence, it is important to know which relation as shown in Eqs. (1) and (2) is correct. Nevertheless, what should be emphasized is that both the meson exchange model and the quark model can reproduce the small spin-orbit splitting together with its small binding. In addition, there are still some ambiguities in the analysis, for example, the SU(3) coupling constants and there exist other predictions for A-N interaction.s>-10 > Roughly speaking, however, the meson exchange indicates relatively a large reduction factor than the quark model. Moreover, the tensor coupling is really needed in the quark model.
In this work, we take a phenomenological viewpoint, and extract the necessity of the tensor coupling in the A-N interaction. Our basic tool is the relativistic mean field (RMF) theory which reproduces the ground state properties of many nuclei. 11 >-12 > The philosophy of this study is as follows. As for the parameters of the nucleon coupling constants, we take the best parameter set from analysis of the nuclear ground states. We mention here that the (J)NN tensor coupling is either small or negligible, since the standard RMF theory without the tensor coupling is able to reproduce very well the spin-orbit splittings in addition to the. ground state properties.ll) We then make the least square fitting of the lambda coupling constants by using the single particle energies of many hypernuclei. Here we consider the possibility of the large (J)AA tensor coupling, !w A~gw A, due to the Zweig rule and the ideal mixing arguments made above. We search for the RMF parameters by fitting to the single particle energies of many hypernuclei with and without the tensor coupling. Then we examine the role of the tensor coupling in the description of the lambda hypernuclear properties and the influence on other parameters by its introduction. Furthermore, we apply RMF to a high density system and investigate the importance of the tensor coupling for the profile of the neutron stars. In this study, we take the non-linear (J) meson self-coupling term as the 6 case to the original RMF Lagrangian to make the nuclear matter properties compatible with the microscopic one in the high density region. 13 > This paper is organized as follows. Section 2 is devoted to a brief illustration of the RMF theory. In §3, we describe the lambda hypernuclei in the RMF theory and investigate the effect of the tensor coupling on these properties. In §4, we extend the system to a high density region and examine the neutron star properties in the same framework as for the finite nuclei. Finally, our results are summarized in §5. § 2. Relativistic mean field theory
In the RMF theory, a hypernucleus is expressed as a system of many nucleons and a lambda which interact through exchange of various mesons. The Lagrangian density is
Here 1Jf and 1JfA are the Dirac spinors for the nucleon and the lambda whose masses are M and MA, respectively. 6 and (J)p. are the isoscalar-scalar and -vector mesons. pap. is the isovector-vector meson which becomes important for N=t=Z nuclei. Ap. is the electromagnetic field which couples to the protons. In Eq. (5), according to the quark model, we take a tensor coupling between (J) and A into account and its strength is denoted by fwA. As the case of the non-linear 6 meson, we introduce the non-linear (J) meson coupling into the Lagrangian in order to mimic the results of the relativistic Brueckner-Hartree-Fock theory in the high density region. 13 > We note that a lambda is a charge neutral and isosinglet baryon so that it does not couple to p and A.
We treat this Lagrangian in the mean field approximation, i.e., we replace the meson fields and the photon field by their expectation values and neglect the antiparti-cle contribution. 14 J In addition, we restrict our study to the spherical case and neglect the space components of the vector mesons. Unless a major shell is entirely occupied, the pairing correlation should be significant. For open shell nuclei, we take account of the pairing contribution among nucleons in the same way as in Ref. 13) (as shown below, we treat only neutron magic or sub-magic nuclei in this work, and therefore we only consider the pairing correlation among protons). For odd mass nuclei, though the blocking effect exists, we neglect it for simplicity. § 3. Lambda hypernuclei
Parameter fitting without tensor couPling
In the RMF Lagrangian, Eq. (5), the coupling constants and the masses are treated as free parameters. In the previous work, we obtained two parameter sets for nor)llal nuclei (without inclusion of lambda), from which we adopt the so-called TM1 as the parameters of the nucleon part (TM1 was obtained by adjusting to the energies and the charge radii for several nuclei with A;;:::40). 13 J In the following subsection we sketch our fixing procedure for the other parameters, which are those related with the lambda, g,/, gwA and fwA.
At first, we consider the case without the tensor coupling term and set fwA zero.
Minimizing the following x 2 function,
we get g,l and gwA. Here, 0 means a selected observable and LlO is its experimental uncertainty. Because TM1 is suited for the description of the heavy nuclei and we will consider the hypernuclear matter in §4, we pick up the lambda single particle energies for s, p, d and I states of 8 3lY and for s and d states of 5 J V as the observables.
These are the heaviest two hypernuclei measured up to now. All observables are extracted from Ref. 1). With the parameter set TM1(see Table I ), the resultant parameters for the lambda part are shown as Set A in Table II . Both g,/ and gwA in Set A are relatively small compared with other finite tensor coupling cases (Sets B and C to be discusse,d later). In Fig. 1 , we show the overview of our calculations for many binding energies of lambda single particle states together with their experimental values. The closed and open circles correspond to the spin-up and the spin-down states of each LS partner, respectively. We notice that the small spin-orbit splitting is realized between the data and the calculations for light hypernuclei is remarkable.
Effect of tensor coupling
Before performing a full parameter fitting, we consider the effect of the tensor coupling term by keeping g,l and gw A at the values of Set A. In such a .restricted condition, we calculate the lambda single particle energies of 8 1Y with some values of fwA. The results are depicted in Fig. 2 . The solid curve represents the spin-up states of each LS partner and the dashed curve the spin-down states. Except for s112, due to the spin-orbit interaction each level separates into two states. We notice that there is a tendency with negative values of !wA the spin-down states in each LS partner should be more bound than the spin-up states in contrast with the case of the nucleon. However, the experiments do not distinguish the spin-up and the spin-down states of LS partners yet. A remarkable thing is that any spacings between LS partners are sensitive to the variation of /w A ,while any averages of the locations of LS partners are insensitive. In addition, as the orbital angular momentum of the considered state becomes higher, the sensitivities of the spacings to fwA increase more than the simple (2! + 1) rule. For the high orbital angular momentum states, the wavefunctions have enlarged tails, and their positions locate outside the nucleus. This fact indicates that the contribution of the tensor coupling is dominant at the outside and negligible in the interior region. In fact, the tensor coupling term is proportional to the derivative of the w field.
Parameter Fitting with tensor coupling
By the discussions so far we learned the qualitative behavior of the tensor coupling. We would like to proceed the parameter fitting completely, that is, here together with g,/ and ga/, we treat Ia/ as a free parameter. Employing the same method as in 3.1, we get the best parameters. The result is shown as Set Bin Table  II . The feature of the fitting procedure is depicted in Fig. 3 , where X 2 is plotted as a function of /wA(solid curve) together with the ratio between gwA and gw(dashed curve).
By the introduction of the tensor coupling x 2 becomes slightly small, from about 1.3 to 1, which at first sight is not meaningful. Indeed as seen in Fig. 4 , the overview of the binding energies is not so different as compared with the case of Set A (see Fig.  1 ). Set A and Set B, and probably many other parameter sets, have almost the same quality to reproduce the data, hence we can not decide which parameter set is best from the present experimental data. It is worthwhile to note, however, that the resulting strengths of g,/ and gwA are closer to the quark counting relations, which are g,/=(2/3)g6, gwA=(2/3)gw. Furthermore, with introduction of the tensor coupling, gi and gw A increase largely, which play an important role in the properties of the neutron stars. Before discussing the neutron star properties, we would like to investigate the reason why the parameters cannot be fixed with the available data. In the RMF theory the nuclear potential is made exclusively of the isoscalar channel. To simplify t.he discussion, let the relativistic description reduce to the non-relativistic one. By eliminating the small component of the Dirac spinor and transforming the potential to the Schrodinger equivalent form, we get (7) Here Vc is the central part of the potential which is given by the cancellation of the large scalar attraction and the vector repulsion, which originate from the (] and w meson exchanges, respectively. The spin-orbit part, VLs, is proportional to a deriva-tive of the sum of them, which becomes quite large.
Similar to the nucleon case, a lambda is moving in the potential being similar to Eq. (7) . However there is another contribution stemming from the tensor coupling. As previously mentioned, the tensor coupling term is the derivative of w field, that is just the same structure of VLs, which is effective only at the outside of nucleus. Therefore the inclusion of the tensor coupling merely changes VLs.
As selected observables we use only single particle energies in the parameter fitting procedure. Those experimental data give the information about locations and spacings of the LS partners. Predominantly the former is described by Vc and the latter by VLs. Because the tensor coupling contribution is limited to VLs, when we get a suitable g,l and g,f only reproducing the average locations of LS partners, then usually a suitable VLs is obtained by adjusting the tensor coupling constant fw A. This is the reason why we cannot decide the parameters, g,l, gwA and fwA, definitely from the present experimental data. For instance, for Set A the small bindings and the small spin-orbit splittings are reproduced by the relatively strong reduction of both attractive and repulsive parts of the interaction. Whereas for Set B, the reduction is relatively weak (but Vc is small enough by the cancellation), and by the contribution of the tensor coupling the small bindings and the small spin-orbit splittings are accomplished.
From the above discussion we know the reason why the relation between gw A and fwA has such a behavior as shown in Fig. 3 . If the attractive part of the interaction is large, owing to Vc is given by the cancellation between the attraction and the repulsion, in order to give appropriate Vc the repulsive part must be large. This means g,/ and gwA are large values. In this case, from Eq. (7), VLs must be also large. Hence to accomplish the small spin-orbit splittings, the contribution of the tensor coupling, which corresponds to the amplitude of !wA, must be large. That is, the larger the amplitude of !wA becomes, the larger gwA also, which is consistent with the results shown in Fig. 3 . In this work, although we treat fwA as a free parameter, the resulting relation between !wA and gwA comes out to be in agreement qualitatively with the quark model prediction, !wA~-gwA, denoted around Eq. (4). § 
Neutron stars
In the previous section, we have gained two parameter sets for the cases with and without the tensor coupling. Both parameter sets reproduce the experimental data for the lambda hypernuclei fairly well. However, we do not judge which one is realized. In this section we extend the RMF theory to the high density system, particularly to the neutron stars, and examine their properties with the parameters obtained from hypernuclear data, i.e., with Set A and Set B. We note that up to now there is not so much information about neutron stars. The most reliable one is on their masses, whiCh are about 1.4 solar mass.
Description of neutron star
We hope to describe the neutron star in the same framework as for the hypernuclei. The actual star might be a very complicated dynamical system, but we simplify the problem to impose the following conditions. 1) The neutron star is a cold object.
2) The neutron star is made of only protons, neutrons, lambdas, electrons and muons. The other degrees of freedom as other hadrons and quarks do not contribute. 3) In the neutron star, the chemical equilibrium holds and the following reactions, n+2p+e, n+2A, become in equilibrium. 4) The charge neutrality is satisfied locally. The Coulomb interaction coming from the density fluctuation is neglected. 5) The interactions among electrons and muons are small, and these leptons can be treated as free particles.
With such conditions we treat the Lagrangian density, (8) Here 1f!e and lJ!~' are the electron and the muon fields and me and m~' are their masses. In writing down Eq. (8), we suppose the system is infinite and static, all the time and the space derivative terms of the mesons are dropped.
Properties of neutron star matter
In order to clarify the parameter dependence of the calculated neutron star properties, we introduce another parameter set together with Set A and Set B. We label it as Set C, where we ch<H)Se the coupling strengths, g,.A and g"'A' being close to the quark counting. The parameters of Set C are specified in Table II , which has a comparable X 2 as Set A.
In Fig. 5 we show the equations of state. The results are compared with the one of neutron star matter without lambdas. At a given density the system is in the chemical equilibrium through the reactions noted in the condition (3). Table II . For comparison the case without lambda contribution (dash-dotted curve) is also shown.
In the low density region, due to the mass difference between the neutron and the lambda, neutrons cannot be replaced by lambdas. As the density increases, the Fermi momentum of the neutron becomes high, and at a certain critical density the chemical potential of the neutron exceeds the lambda mass, and then lambdas appear. The critical density is ps~0.3 fm-3 with all the parameter sets. In the high density region the dependence of the specific parameter sets are apparent. Comparing the cases with and without the inclusion of the lambda, all the cases with the lambda give smaller energies than the one without the lambda. This is natural because the case without the lambda, there is no way to reduce the high neutron Fermi energy by changing neutrons for lambdas. Therefore, the introduction of other particles always reduces (or does not change) the energy of the considered system. Originally the attractive and the repulsive parts of the interaction make a saturated system at the nuclear density. Therefore with the increase of the density the system ought to be unstable, the repulsion should go to overwhelm the attraction. This means the density dependence of the attraction differs from the one of the repulsion. In this model both the attraction and the repulsion increase with the density but the repulsion increases faster than the attraction with the variation of the density. Among the parameter sets, Set C has the largest grrA and g",A, that is, the largest attraction and the repulsion at the nuclear density. Therefore, for Set C, the difference of the density dependence between attraction and repulsion becomes the most noticeable than other parameter sets, that is, the energy becomes the highest. The difference of the equations of state associated with certain parameter sets leads to remarkable features of the neutron star mass. Next we shall discuss this issue.
By solving the so-called Oppenheimer-V olkov equation, which represents relativistically the equilibrium condition of the gravitational force and the matter pressure, we calculate the star masses. 15 > The results are shown in Fig. 6 as a function of the central mass density, Pc, in which the masses are expressed in units of the solar mass, M0. Corresponding to 2.5 ..--~~~~..,.,--~~~,........, each parameter set, there is some maximum value of the neutron star mass, which is sometimes called the critical mass. Consistently with the discussion of Fig. 5 , the larger gw A is, the larger the predicted critical mass becomes. Set A predicts its critical mass to be 1.4 M 0 • Set B gives 1.6 M0 and Set C 1.7 M 0 .
As mentioned above the average of the observed neutron star masses is 1.4 M 0 and the known heaviest one is slightly over 1.5 M 0 • 15 > Comparing this criterion with our calculations, we know that Set A, which does not include the tensor coupling contribution, cannot reproduce enough mass for neutron stars. Set B and Set C, both of which are obtained Table II , and for the case without lambda contribution (dash-dotted curve). The results are plotted as a function of the central mass density Pc· with the tensor coupling, can reproduce it. From the observation we cannot gain the real Pc, but at least we can say that in order to reproduce the observed neutron star mass, the tensor coupling is necessary. From the discussion about the relation fa/ and gwA in §3, we know that the stronger strength of the tensor coupling gives the heavier neutron star. In fact, the observational mass of neutron star requires that the A-N interaction consists of rather large attraction and repulsion.
In the above discussion, we limit the ingredients of the neutron star to protons, neutrons, lambdas, electrons and muons. In the actual neutron stars, other particles or anomalous state, for instance, ~-hyperons, i condensation and K condensation, or even quark matter might be realized. However, all these possibilities must contribute to make the equation of state softer and the critical star mass smaller. Therefore our conclusion that the tensor coupling is necessary does not change. If we include above possibilities in our calculation, still a larger repulsion might be required. However, there is little knowledge of the above issues from both theoretical and experimental points, and we do not consider them at this stage. § 5.
Conclusion
. In this work we have studied the role of the tensor coupling in the w-A vertex, which is required in the quark model. Instead of taking the quark or other microscopic models, we have taken a phenomenological viewpoint and examined the properties of the lambda hypernuclei and the neutron stars in the relativistic mean field (RMF) theory with the tensor coupling term.
In the case of hypernuclei, we have fitted parameters by using the experimental data of the lambda single particle energies in two cases with and without the contribution of the tensor coupling. The effect of the tensor coupling is restricted near the nuclear surface and it hardly contributes to the nuclear properties in the central region. This feature arises from the structure of the tensor coupling term consisting of the derivative of the w meson distribution. From the study of hypernuclei, we were not able to conclude the necessity 'of the tensor coupling, since the information extracted only from the single particle energies was not enough.
In the next step, we have examined the neutron stars by using the same parameter sets as used for the hypernuclei. In the neutron stars, the density becomes very high, and some features not seen at the normal density become important. In contrast to the case where both the attractive and the repulsive parts of the interaction balance to make a saturated system at the normal density, in the high density region the repulsion, which maintains the star against gravitational collapse, becomes dominant. Taking advantage of this remarkable property, we have investigated the mass of the neutron star with and without the tensor coupling. In the case without the tensor coupling, we could not get the results in agreement with observation. On the other hand, for the case with the tensor coupling we have obtained the heavier critical mass beyond the observational border. These fads indicate that the tensor coupling is indispensable to meet the observational requirement. In this respect, it is interesting to note the recent work of Glendenning and Moszkowski, who discuss ,the neutron star profiles by taking various hyperons into account but without the tensor coupling, and find the similar reduction of the critical mass as found here. 16 l Throughout the above considerations, we have described the lambda-nucleon system in the Dirac formalism. The recent works have told us that the relativity is critical to describe the nuclear matter properties.17l In addition, because of the use of the Dirac formalism, we can easily extend the system to very high density without being annoyed by the breaking of the causality. 18 l
